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Visible wavelength (6470 Å) GaxIn12xP/GaAs0.66P0.34 quantum wire
heterostructures
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Utilizing the strain-induced lateral-layer ordering ~SILO! process, we have grown GaxIn12xP
multiple quantum wires ~MQWR! on ternary GaAs0.66P0.34 substrates using a modified
strain-balance mechanism. The resulting @110# lateral modulation occurred with a periodicity of
;300 Å. Two dimensions of quantum confinement were obtained by surrounding the laterally
confined GaxIn12xP regions by layers of higher-energy-gap Al0.15Ga0.53In0.32P in the
growth direction. A redshift in the photoluminescence emission was observed as the
growth temperature was increased attributed to a stronger lateral composition modulation at the
higher growth temperatures. Based on the modified strain-balance mechanism, light-emitting diodes
with the GaxIn12xP MQWR active region were fabricated using the SILO process. Strongly
TE-polarized room-temperature electroluminescence from these devices was observed at 6470 Å.
© 1996 American Institute of Physics. @S0021-8979~96!09824-6#I. INTRODUCTION
Interest in quantum wire ~QWR! lasers has been spurred
by their theoretically predicted advantages over their quan-
tum well ~QW! counterparts.1,2 Current experimental meth-
ods for producing QWRs include etch and regrowth,3 growth
on patterned substrates,4 cleaved edge overgrowth,5 and the
strain-induced lateral-layer ordering ~SILO! process.6,7 The
majority of QWR laser research has primarily been focused
in the long-wavelength region of the spectrum, with little
attention paid to the shorter-wavelength visible spectrum.
Advantages in obtaining short-wavelength sources include
increased optical storage densities, moving emission into the
higher sensitivity region of the human eye, and possible re-
placement of widely used helium-neon gas lasers. Stellini
et al. demonstrated the first visible ~;7100 Å!
GaxIn12xP/GaAs QWR laser, grown using the SILO
process.8 The SILO process creates an in situ composition
modulation along the @110# direction when ~GaP!2/~InP!2
short-period superlattices ~SPS! are grown on @001# on-axis
GaAs substrates. This modulation creates a lateral band-gap
variation in the form of lateral quantum wells ~LQW!. By
coupling the @110# LQWs with conventional QWs in the
@001# growth direction, two dimensions of quantum confine-
ment were obtained. Samples exhibited strong anisotropic
photoluminescence polarization as well as an anisotropic
threshold current density as a function of stripe direction.6
The SILO method was further studied by Yoshida et al.9
Using ~GaP!1.5/~InP!1.5 SPS, they were able to reduce the
threshold current density of the GaxIn12xP/GaAs QWR la-
sers ~emission wavelength ;7500 Å! to 294 A/cm2 and ob-
tain cw laser operation up to 70 °C.
a!Present address: Science Center, Rockwell International, Thousand Oaks,
CA 91360.
b!Electronic mail: k-cheng@uiuc.edu7124 J. Appl. Phys. 80 (12), 15 December 1996 0021-8979
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emission wavelength is to use substrates with smaller lattice
constants. This would permit GaInP layers with higher Ga
content. Such a substrate is GaAsxP12x grown on GaAs,
commonly used for light-emitting diode ~LED! fabrication.
This method was recently used to produce
Ga0.65In0.35P/AlGaInP laser diodes with 77 K current injected
lasing action at wavelengths as short as 5735 Å.10
In this article, we report the fabrication of GaxIn12xP
QWRs on GaAs0.66P0.34 substrates using a generalized SILO
process. Previous QWR studies using the SILO process in-
volved the growth of ~GaP!m/~InP!n SPS and
~GaAs!m/~InAs!n SPS on GaAs and InP substrates, respec-
tively, where m'n . The requirement of m'n restricts the
application of the SILO process to only a few compound
semiconductor systems. In order to form GaxIn12xP QWRs
on GaAs0.66P0.34 substrates, a generalized SILO process
mechanism is developed for the mÞn case. Based on this
method, visible GaxIn12xP/GaAs0.66P0.34 QWR LEDs were
fabricated and characterized.
II. STRAIN-INDUCED LATERAL-LAYER ORDERING
MECHANISM
The realization of one-dimensionally confined semicon-
ductor structures through epitaxial techniques has been com-
mon practice for the last twenty years. These generated QWs
typically confine carriers in the growth direction. Creating
planar semiconductor QWR heterostructures is a more diffi-
cult challenge, as these require simultaneous variation of al-
loy composition in two orthogonal directions.
In a preliminary effort into QWR research, the SILO
process was developed.6,11 This is an in situ method for cre-
ating LQW superlattices in the growth plane by molecular
beam epitaxy ~MBE! growth. Lateral composition modula-
tion is achieved through the growth of strain-balanced alter-/96/80(12)/7124/6/$10.00 © 1996 American Institute of Physics
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nating layers of an SPS. Under conditions described below,
local strain will exist within the SPS to cause a migration of
the atoms in the growth plane perpendicular to the @001#
growth direction.12 A lateral composition modulation of the
semiconductor alloy along the @110# direction will occur,
creating somewhat uniform arrays of wells and barriers on
the quantum size scale. Because the strain is nearly balanced
between the alternating layers of the SPS, overall strain in
the area of lateral composition modulation is minimal.
Therefore, defects due to critical thickness boundaries and
lattice relaxation are not induced in the SILO process. With
confinement in the growth plane possible, a second degree of
confinement is achieved in the growth direction through
standard QW epitaxial techniques. That is, the regions of
SPS are sandwiched between regions of higher band-gap ma-
terial, creating the two-dimensionally confined arrays of
QWRs.
Previous investigation of laterally confined structures in
GaxIn12xP involved the growth of ~GaP!m/~InP!n SPS on
GaAs substrates is examined. The lattice mismatch, or strain,
between GaP/GaAs layers and InP/GaAs layers is roughly
equivalent in magnitude ~4%!, but opposite in sign. By keep-
ing the number of monolayers m'n , but with a small dif-
ference, the tensile and compressive strain within the
~GaP!m/~InP!n SPS compensate each other to provide near
zero, but finite, global strain (DS) throughout the SPS re-
gion. This is the fundamental driving force behind the SILO
process.6,11 An identical phenomenon for the
GaxIn12xAs/InP material system, where ~GaAs!m/~InAs!n
SPS are grown on InP substrates, has also been observed.13
In both cases, the magnitude of the strain between the binary
layers and the substrate were approximately equal in magni-
tude. Therefore, we used approximately equal numbers of
monolayer pairs m'n .
However, the near strain-balanced conditions in the
SILO process can be extended for the case of mÞn . Consid-
ering a general case of a two binary (A)m/(B)n SPS grown
on a substrate with a lattice constant of a0 . We define two
parameters which govern the SILO process:
DT[
SPS Period2N~a0/2!
N~a0/2!
,
where the SPS Period[(ma11na2)/2, N is the nearest inte-
ger of $m1n%, and a1 and a2 are the lattice constants of the
binaries A and B , respectively. DT defines the amount of
mismatch between the SPS and the substrate. In order to
achieve strain balance within SPS layers, the substrate
should have a lattice constant between the two binary com-
pounds. The second parameter:
DS[umDa11nDa2u,
where Da15(a12a0)/a0 and Da25(a22a0)/a0 defines the
global average strain throughout the sample. The only neces-
sity for the SILO process to occur is when DT and DS are
small but finite ~;5%!. Therefore the numbers of monolay-
ers need not be equal.
In this study we have used this modified strain-balance
concept for the growth of short-wavelength ~;6400 Å!
GaxIn12xP QWR heterostructures on GaAs0.66P0.34 sub-J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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MQWR heterostructure grown on a GaAs0.66P0.34/GaAs LED substrate.strates. The GaAs0.66P0.34 substrates inherently have a
smaller lattice constant ~a055.5805 Å! than GaAs. In order
to obtain appropriate values for DT and DS in the
~GaP!m/~InP!n SPS, we have chosen m:n;2.0:1.1. This ratio
provides the necessary conditions for the SILO process to
occur on the GaAs0.66P0.34 substrates, with a global average
strain DS51.05%. Because of the value for the GaAs0.66P0.34
lattice constant, we were able to investigate the novel set of
SPS growth conditions, where mÞn , and its effects on QWR
formation. This method further exemplifies the SILO process
as a versatile and powerful tool in obtaining two-dimensional
quantum confined heterostructures.
III. EXPERIMENT
Experiments for the application of the SILO technique to
this short-wavelength GaxIn12xP QWR system occurred in
two stages. The first was to investigate the QWR formation
using the GaAs0.66P0.34 substrates at different growth tem-
peratures. The heterostructures grown as shown in Fig. 1,
consisted of a 5000 Å Al0.15Ga0.53In0.32P lower confining
layer, a multiple quantum wire ~MQWR! active region, and a
2500 Å Al0.15Ga0.53In0.32P upper confining layer. All layers
were unintentionally doped. The MQWR active region con-
sisted of 5 QWs with 12 pairs of ~GaP!2/~InP!1.1 SPS layers
for each well. Each SPS QW has a thickness of 100 Å, and is
separated by 100 Å Al0.15Ga0.53In0.32P barriers.
LED structures were then prepared. The heterostructure
consisted of a 1 mm Ga0.68In0.32P:Si buffer layer, a 1 mm
Al0.15Ga0.53In0.32P:Si lower confining layer, a MQWR active
region, a 1 mm Al0.15Ga0.53In0.32P:Be upper confining layer,
and a 2000 Å Ga0.68In0.32P:Be cap layer. The MQWR active
region was similar to what was described above, except that
nine pairs of ~GaP!2/~InP!1.1 SPS were grown for each QW
region to shorten the QWR emission wavelength. To en-
hance the carrier collection efficiency, a pair of composition-
ally graded regions was inserted between the MQWR active7125Moy et al.
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area and cladding layers. The compositions of these graded
regions varied linearly from Al0.5Ga0.18In0.32P to
Al0.15Ga0.53In0.32P.
The GaxIn12xP MQWR structures were grown using gas
source MBE. The system utilizes elemental Al, Ga, and In
for the group III fluxes. P2 was generated through thermal
cracking of PH3 for the group V flux. Reflection high-energy
electron diffraction intensity oscillations were used to cali-
brate the Ga, Al, and In fluxes. The substrates used were
commercially available @001#-oriented n-type GaAs0.66P0.34
on GaAs substrates, nominally grown for use as LEDs. The
growth conditions using the GaAsP substrates have been pre-
viously reported.14 The three samples grown for the first
stage of the experiment used substrate temperatures of 500,
520, and 540 °C, as measured by an infrared pyrometer.
Based on the analysis of the three test samples, the active
region of the LED structure was grown at 520 °C, with a PH3
flow rate of 3.0 sccm.
Samples were characterized by cross-sectional transmis-
sion electron microscopy ~TEM!, photoluminescence ~PL!
spectroscopy, and polarized PL spectroscopy ~PPL!. 77 K PL
and PPL measurements were performed using an evacuated
cold finger type cryostat with the 4880 Å line from an Ar ion
laser as the excitation source. The signal was captured using
a 0.5 m focal length grating spectrometer and detected with a
thermoelectrically cooled GaAs photocathode photomulti-
plier tube using the photon counting technique. For the po-
larization measurements, the incident laser beam was polar-
ized parallel to the @110# direction of the samples and an
analyzer was oriented either perpendicular or parallel to the
incident beam. The polarization analyzer was located near
the entrance slit of the spectrometer. A depolarizer was
placed after the polarization analyzer in order to remove any
anisotropic effects of the spectrometer grating.
For LED fabrication, ohmic contacts were made using
Ge/Au and Zn/Au for the n- and p-type contacts, respec-
tively, alloyed at 420 °C for 30 s. Additionally, the p-type
contacts were defined using photolithography of 400-mm-
diam dots in a photoresist/metal lift-off technique. Electrolu-
minescence ~EL! spectra from the @001#, @110#, and [1¯10]
directions were measured using the same spectroscopy setup
as mentioned previously.
IV. RESULTS AND DISCUSSION
A. GaInP/GaAsP MQWR formation
Figure 2 shows the @110# and [1¯10] cross-sectional TEM
images of the GaxIn12xP MQWR samples grown on
GaAs0.66P0.34 substrates at 540 °C. The five QWR regions
can clearly be resolved. The dark and bright fringes in the
[1¯10] cross section correspond to a Ga/In composition
modulation along the @110# direction.15 This modulation
forms In-rich regions surrounded laterally by higher-energy-
gap Ga-rich regions as well as surrounded above and below
by higher-energy-gap Al0.15Ga0.53In0.32P barrier layers. This
creates the two-dimensional confinement necessary to form
the MQWRs similar to those formed in the GaxIn12xP/GaAs
and GaxIn12xAs/InP material systems.13,16 A relatively uni-
form TEM image appears in all the @110# cross sections7126 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIFIG. 2. Bright-field cross-sectional transmission electron micrographs along
the @110# and [1¯10] cross sections of a GaxIn12xP/Al0.15Ga0.53In0.32P
MQWR heterostructure revealing five ~GaP!2/~InP!1 short-period superlat-
tice regions. Within the five quantum wells, the QWR cross sections can be
seen in the [1¯10] image dark regions. A uniform image appears in the @110#
cross section.which leads to a uniform composition along the QWRs. The
average QWR cross-sectional area in the [1¯10] plane is
;100 Å3150 Å. The lateral periodicity of the QWR is ap-
proximately ;300 Å leading to a high density necessary for
device performance. The SILO process begins when the
strain in the sample reaches a critical value.11 As part of this
process, the driving force changes both the composition in
the epitaxial surface layers as well as in the region above.17
As seen in the cross-sectional TEM image, the composition
modulation continues through the barriers and into the upper
cladding layer. This is a direct result of the propagation of
the composition modulation.
Figure 3 shows the PL spectra of the GaxIn12xP MQWR
samples grown at the three substrate temperatures of 500,
520, and 540 °C. The PL spectra clearly indicate that the
formation of the QWRs is strongly dependent on the sub-
strate temperature. The peaks at 6210 and 6030 Å originate
from the MQWR region grown at 520 and 500 °C, respec-
tively, while the peak at 6480 Å is from the GaAs0.66P0.34
substrate. As the substrate temperature is increased, the emis-
sion wavelength from the MQWR region increases. This is
attributed to the larger composition modulation within the
MQWRs associated with a strong Ga/In segregation at theFIG. 3. Low-temperature ~77 K! photoluminescence spectra of GaxIn12xP
MQWR heterostructure grown at different substrate temperatures of 500,
520, and 540 °C.Moy et al.
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FIG. 4. 77 K polarized photoluminescence spectra of GaxIn12xP MQWR
heterostructure grown at 520 °C. The solid and dashed lines refer to the
orientation of the polarization analyzer with respect to the QWR direction.higher growth temperature.15 A larger composition modula-
tion corresponds to a higher In composition in the GaxIn12xP
MQWR recombination regions, which results in a longer PL
wavelength. For the sample grown at 540 °C, the MQWR PL
emission peak is located near the GaAs0.66P0.34 substrate
peak. Although the peaks are partially overlapped, it is clear
that the high-energy shoulder of the substrate peak is due to
the emission from the MQWR region. An average composi-
tion for the GaxIn12xP MQWR region varies from x50.58–
0.65, as estimated from matching the PL emission wave-
length. This calculation was performed following a
previously reported method.6
The lateral composition modulation produced by the
SILO process creates an anisotropic strain within the
MQWR region and creates anisotropic valence band
mixing.6 Therefore, we expect the PL emission from the
~001! plane to be polarized along the @110# and [1¯10] direc-
tions ~perpendicular or parallel to the QWRs!. Samples dis-
played stronger PL intensities when the analyzer was ori-
ented parallel to the [1¯10] direction than when oriented
perpendicular. Figure 4 shows the PPL spectra for the
sample grown at 520 °C. The polarization can be defined as
r5(I i2I')/(I i1I'), where I i or I' are the PL peak inten-
sities with the polarization analyzer either parallel or perpen-
dicular to the QWR direction. A large PPL anisotropy,
shown in Fig. 4, can be seen in the MQWR emission peak
~6270 Å!, while the substrate peak ~6500 Å! is not polarized.
For the sample grown at 500 °C, r50.85. For the sample
grown at 520 °C, r increases to 0.89. For the sample grown
at 540 °C, the MQWR PL emission peak and the substrate
PL peak are partially overlapped, and a clear polarization
value could not be calculated. However, from the data pre-
sented here, as well as from previously published results,16
the larger value of r at higher substrate temperatures shows
evidence that the composition modulation is increasing with
increasing growth temperature for the GaxIn12xP material
system.
B. GaInP MQWR LEDs
The MQWR study based on a modified strain-balance
mechanism described above confirmed that the SILO processJ. Appl. Phys., Vol. 80, No. 12, 15 December 1996
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIFIG. 5. 77 K polarized photoluminescence spectra of the GaxIn12xP QWR
LED structure.could produce GaxIn12xP QWR on GaAs0.66P0.34 substrates
with mÞn . As such, the LED structure was fabricated in
order to incorporate QWR into a photonic device. This LED
material was initially characterized using 77 K PPL. As
shown in Fig. 5, the analysis revealed two polarized spectra
emitted from the QWR structure. The QWR emission, cen-
tered at ;6060 Å, was highly polarized, with a value of
r50.89. The emission at 6450 Å from the GaAs0.66P0.34 sub-
strate itself was negligibly polarized. Thus, through PPL
analysis, the formation of GaxIn12xP MQWRs was con-
firmed within the LED structure.
As we have established that the strained QWR systems
created by the SILO process are highly asymmetric in the
~001! plane, the device properties can be expected to reflect
the lower degree of symmetry. The room-temperature polar-
ized EL spectra of the QWR LED were taken from its three
major emitting surfaces, i.e., the ~001!, ~110!, and (1¯10)
planes. Figure 6 shows the measured polarized spectra from
these surfaces using 50 mA of dc current to drive the device.
The LEDs were first tested using the edge emitting
modes, where EL emission from the ~110! and (1¯10) facets
were characterized. For emission from these facets, the TE
mode was dominant due to quantum size effect induced po-
larizations. Additional polarization effects are influenced by
the strain distribution within the active region of the LED.6
In traversing the @110# direction, the only significant strain
observed is the compression in the ~110! plane created by the
slight lattice mismatch between the In-rich GaxIn12xP QWR
regions and AlGaInP barriers. Similar to emission from a
QW, the E-field polarization lies in the plane of the biaxial
strain.6 Thus, as seen in Fig. 6~a!, the ~110! facet emission is
highly TE polarized with a value r50.79. The polarizer axis
was parallel to the [1¯10] and @001# directions when measur-
ing the TE and TM modes, respectively.
Along the [1¯10] direction, the (1¯10) plane reveals the
GaxIn12xP QWR cross sections. In these In-rich GaxIn12xP
QWRs, there exists the compressive strain in the @001# direc-
tion described above. However, another compressive strain is
also present in the @110# direction which results from the
Ga-rich GayIn12yP lateral barrier regions surrounding the In-
rich GaxIn12xP QWRs. This @110# compressive strain will
enhance the TM polarization emission,18 and results in a re-7127Moy et al.
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FIG. 6. The 300 K electroluminescence spectra of a LED with the
GaxIn12xP MQWR active region grown on a GaAs0.66P0.34/GaAs LED sub-
strate with emission from the ~a! ~110! facet, ~b! (1¯10) facet, and ~c! ~001!
surface. These spectra were measured from a LED biased with a dc current
of 50 mA.duced polarization of r50.45 for the (1¯10) facet emission.
As seen in Fig. 6~b!, the TM mode for emission from the
(1¯10) facet is greater in relative magnitude than for the TM
mode of the ~110! facet emission. The compressive strain-
induced valence band splitting produced the blue shift of the
TM modes ~centered about ;6350 Å! with respect to the TE
modes ~peaked ;6470 Å!.19 The presence of the strain due
to QWRs is therefore seen to have a great effect on the
anisotropies of the spontaneous emission from the two per-
pendicular edges of the QWR LED.
Upon examination of Figs. 6~a! and 6~b!, the spectral
shape of the TE and TM modes are seen to be markedly
different. The full width at half maximum ~FWHM! values
are approximately 225 and 400 Å for the TE and TM polar-
izations, respectively. This is attributed to the composition
uniformity difference across the QWR array in the @001# and
@110# directions. The growth of the QWs created in the @001#
direction is under more precise control due to the epitaxial
techniques, as opposed to the LQWs in the @110# direction,
which form as a result of the spontaneous strain-induced lat-
eral atomic migration.6,8 Thus, the TE polarizations, arising
from the @001# quantum confinement, have a smaller FWHM
value than do the TM polarizations, which are spectrally7128 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIwider due to the slight variations observed in these QWR
cross sections.
The polarized EL spectra from the ~001! plane of the
device were then measured using a technique similar to that
of characterizing a surface emitting LED. In this case, the
QWR array lies along the [1¯10] direction in the ~001! plane.
When measuring emission from the ~001! surface, the signal
is actually a combination of the spectra measured from the
two side facets. Resulting spectra are shown in Fig. 6~c!. The
peaks with greater and lesser intensity correspond to the po-
larizer being oriented parallel to the [1¯10] and @110# direc-
tion, respectively. Based on the orientation of the polarizer
and the observation that the peaks of both spectra are peaked
at 6470 Å, the two peaks are concluded to be identical to the
TE modes previously observed from the edge facets. The
two TM modes from the edge facet emission are oriented
perpendicular to the polarizer plane and could not be re-
solved in this measurement. This anisotropy of the ~001!
surface emission is further evidence of the QWR formation
and their effects on the LED operation.
V. SUMMARY
In summary, we have demonstrated the growth of
GaxIn12xP short-wavelength MQWRs on commercially
available GaAs0.66P0.34 LED substrates using the in situ
SILO process. Based on the modified strain-balance mecha-
nism developed in this study, we are able to produce MQWR
heterostructures and LEDs on GaAs0.66P0.34 substrates using
SPS with unequal ~in terms of monolayers! binary pairs.
From aforementioned TEM images, we observed a strong
composition modulation along the @110# direction and a uni-
form composition in the [1¯10] direction. We also observed a
strong polarization anisotropy in the MQWR PL emission
indicating a strong lateral confinement. A redshift in the PL
emission was observed as the growth temperature increased
indicating a stronger composition modulation. The LEDs uti-
lizing QWR arrays as the active region grown on the
GaAs0.66P0.34 substrate emitted TE dominant light at 6470 Å.
The relative differences in the TE/TM polarizations of LED
emission from the various facets were evidence of the effects
of the MQWRs present in the active region. This work dem-
onstrates the versatility of the SILO process, which enables
the growth of quantum wire heterostructures in both visible
and infrared wavelength regimes.
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